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Studies show that the performance of transcritical R744 systems is highly sensitive to the high side pressure in the 
gas cooler. Hence use of appropriate strategy to control the high side pressure is essential to extract the best 
performance from these systems. In the present study, a R744 based air conditioning cycle with two expansion 
valves is considered for proper control of high side pressure and quality of refrigerant at evaporator exit. A system 
simulation model is developed for this cycle considering detailed model for each component. Both the gas cooler 
and evaporator considered here are crossflow heat exchangers with spiral fin and tube geometry. A discretized 
approach is considered for developing the models for gas cooler as well as evaporator. Elemental Log Mean 
Temperature Difference (LMTD) and Log Mean Enthalpy Difference (LMED) approaches are used to model the gas 
cooler and evaporator, respectively (Yin et al., 2001a; Threlkeld, 1970a). An empirical model proposed by Brown et 
al. (2002a) is considered for modelling the reciprocating compressor. Expansion process in the valves is assumed to 
be isenthalpic. Using the developed model, the effects of variation of various important environmental parameters 
on system performance is analyzed. From the results obtained, optimum operating conditions are identified for 
which the system attains maximum COP. It is expected that this study will be beneficial in the design and 




With the growing interest in CO2 as a refrigerant, research efforts on CO2 based refrigeration system are increasing 
exponentially over the past few years, the primary goal of which is to make CO2 based systems competitive in 
today’s market. It is well known that as the critical temperature of CO2 is low (31.1°C), for hot climatic conditions, 
the heat rejection process has to be carried out under supercritical conditions for CO2 based air conditioning 
systems, while the heat extraction is subcritical. Lorentzen and Pettersen (1993) first demonstrated a transcritical 
CO2 based mobile air conditioner where heat rejection process is carried out at supercritical pressure. In the 
supercritical zone, pressure becomes independent of temperature. Furthermore, the isotherm characteristic is unique 
in the supercritical zone. As a result, performance of the system is different at different pressures for the same exit 
temperature at gas cooler, and for a particular gas cooler exit temperature, highest system COP is achievable only 
for a specific pressure in the gas cooler. Hence an appropriately smart strategy is required for controlling the high 
side pressure in the gas cooler to extract the maximum system COP. 
 
For conventional air conditioning systems with synthetic refrigerant, a throttle valve is used as an expansion device. 
Depending upon the type, the valve maintains the required low side pressures and mass flow rate through the 
system. However, for transcritical CO2 based air conditioning systems with one expansion valve, it is not possible to 
optimally control the high side pressure as well as refrigerant flow rate. Use of two expansion valves in series with a 
receiver in between is considered to be more reliable for control of high side pressure and superheat at the 
evaporator exit. This particular control strategy has been analyzed by Casson et al. (2003a), Zhang et al. (2010), 
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Boccardi et al. (2013), and Peñarrocha et al. (2014). They have suggested that use of two expansion valves enhances 
the controllability and hence performance of the system. However, majority of the reported studies still consider 
only a single expansion device. 
 
In the present study, a R744 based air conditioning cycle with two expansion valves is considered. Based on the 
proposed cycle, a comprehensive mathematical model is developed considering fin-and-tube heat exchangers. 
Design dimensions for different components are predicted using the developed model. Optimum operating 
parameters are identified from the results of numerical simulations. Moreover, the effects of various important 
environmental parameters on system performance are analyzed. It is expected that the developed model will be 
helpful toward better understanding of transcritical behavior of the system. 
 
              




























Figure 1: Schematic of the R744 based air 
cinditioning unit 
Figure 2: p-h diagram of the R744 based air 
conditioning unit 
 
2. SYSTEM DESCRIPTION 
 
The cycle schematic and p-h diagram of the cycle are shown in figures 1 and 2, respectively. As shown, the main 
components of the system are: compressor, gas cooler, a differential valve as a high pressure expansion valve 
(HPV), receiver, a thermostatic expansion valve as a low pressure expansion valve (LPV), evaporator, and 
accumulator. High pressure gas leaving the gas cooler is expanded first in the HPV. At the exit of first stage of 
expansion, the fluid becomes saturated liquid and enters the receiver. The refrigerant is then sent to the evaporator 
through LPV. The superheated vapor that leaves the evaporator is compressed in the compressor. The high 
temperature and high pressure refrigerant leaving the compressor is then sent to the gas cooler for heat rejection. 
 
3. MATHEMATICAL MODEL 
 
The present model for complete simulation of the transcritical CO2 based air conditioning unit is developed based on 
a few assumptions. Using the developed model, numerical simulations are carried out to investigate the performance 
of the system with two expansion valves. A brief description of the assumptions considered as well as the 
mathematical model of the compressor, gas cooler, expansion valves and evaporator is presented in this section. 
 
3.1 Compressor 
In the present study, a semi empirical model is developed for the compressor using correlations proposed by Brown 
et al. (2002b). For volumetric efficiency and isentropic efficiency of the compressor, correlations are expressed in 
the following form (Brown et al., 2002c): 
 































04478.09343.0  (2) 
Mass flow rate of refrigerant through the compressor is then calculated from: 
  RPSPDm invref    (3) 
 
3.2 Gas cooler 
Elbel et al. (2014) have suggested that counter cross flow is the most suitable configuration for fin and tube gas 
cooler used in R744 based systems. To avoid heat conduction along fin surface, they suggested use of cut fins for 
heat exchangers in R744 based systems. For heat exchangers with spiral fin and tube configuration, there is no 
contact between fins of adjacent tubes, and therefore conduction of heat does not occur among fins of adjacent 
tubes. Besides it is easier to fabricate heat exchangers with spiral fin and tube configuration and is thus the choice 
the counter cross flow gas cooler used in the present R744 based system. 
 
To design this counter cross flow gas cooler, a discretized approach has been adopted. The assumptions considered 
for designing the gas cooler are: 
(a) The entire heat exchanger is divided into three dimensional array of nodes. 
(b) In the three dimensional configuration, nodes are arranged by using i, j and k co-ordinates. 
(c) As counter cross flow arrangement is considered for the gas cooler, calculation is carried out by an iterative 
procedure. Calculation is first started from refrigerant exit based on some guessed value of pressure and temperature 
at the exit. Marching is then started node by node from refrigerant exit to refrigerant inlet. At the end of this march, 
pressure and temperature are obtained at refrigerant inlet. These pressure and temperature at refrigerant inlet are then 
matched with actual condition by iterative procedure. 
 
Figure 3: Isometric view of an elementary node of the gas cooler 
 
3.2.1 Governing equations for each node: An elementary node is shown in figure 3. The procedure proposed by Yin 
et al. (2001b) is adopted here for calculating the heat transfer rate for each elementary node. Refrigerant side 
conservation equations are expressed in the following form: 
  kjikjirefnode hhmQ ,,,,1    (4) 
 refrefrefnode LMTDaQ   (5) 
where, 
         
   
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Pressure drop due to friction is calculated as: 











,,,,1  (7) 
Air side conservation equations are expressed as: 
     kjiinakjiexapaanode TTCmQ ,,,,,,   (8) 
 anodeoanode LMTDaQ   (9) 
where, 
         
   



























The correlation proposed by Pongsoi et al. (2013) has been used for calculating air side heat transfer coefficient and 
pressure drop. To calculate the heat transfer coefficient for supercritical in-tube carbon dioxide cooling, the 
correlation proposed by Pitla et al. (2002a) is used. 
 
3.3 Expansion valves 
The expansion processes in the expansion valves are considered as purely isenthalpic and are modelled as, hin=hex. 
First stage of expansion is carried out using a differential valve, while the second stage of expansion is carried out 
using a thermostatic expansion valve. The differential valve is capable of maintaining the desired gas cooler pressure 
with desired pressure drop after first stage of expansion. Pressure drop across the differential valve is maintained in 
such a way that the fluid at the exit of first stage of expansion is in saturated liquid state (Casson et al., 2003b). In 
the second stage of expansion, the thermostatic expansion valve controls the refrigerant charge to produce the 
desired amount of superheat at evaporator exit. In between the two expansion valves, a receiver is placed. The 
receiver supplies required amount of charge to the evaporator as charge requirement varies for different operating 
conditions. 
 
    
Figure 4: Isometric view of an elementary node of 
evaporator 
Figure 5: Sectional view of an elementary node of 
evaporator with water film forming on surface 
 
3.4 Evaporator 
Cross flow spiral fin and tube configuration has been chosen for the evaporator. Similar to the gas cooler, a 
discretized node by node approach has been used for designing the evaporator. Based on the state of refrigerant, the 
cooling coil of the evaporator is divided into two different zones: (a) two-phase zone and (b) single phase vapor 
zone. Condensation occurs on the external surface of cooling coil of the evaporator. Therefore each zone has been 
further subdivided based on the occurrence of condensation as (a) wet node and (b) dry node. During condensation, 
heat as well as mass transfer takes place on the external surface of the cooling coil. To incorporate the mass transfer 
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3.4.1 Governing equations for each node: For the coil surface for which condensation takes place, total heat transfer 
rate (sensible and latent) is calculated using the method proposed by Threlkeld (1970c). Isometric view and sectional 
view of an elementary node are shown in figure 4 and figure 5 respectively. ‘Tw’ is the mean temperature of water 
film formed on the coil surface. ‘Tf’ and ‘Ts’ are mean temperatures of fin surface and tube surface, respectively. 
 
For air side, heat transfer takes place from bare tube surface as well as from fin surface. Air side heat transfer rate 
can be expressed as (Threlkeld, 1970d): 
 
   





























































































































For refrigerant side, heat transfer rate can be expressed as (Threlkeld, 1970e): 



















  (14) 
Equating air side and refrigerant side heat transfer rate: 
 




















































































In the above expression, ‘∆h’ is arithmetic enthalpy difference between mean air enthalpy ‘h’ and fictitious air 
enthalpy ‘href’ at refrigerant temperature. However, arithmetic enthalpy difference does not account for variation in 
air enthalpy. Hence, arithmetic enthalpy difference is replaced by logarithmic enthalpy difference to consider the 
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Under wet surface condition, the correlation proposed by Nuntaphan et al. (2005) is used to calculate air side heat 
transfer coefficient and pressure drop. The convective heat transfer coefficient for the refrigerant in two phase region 
is estimated using the correlation proposed by Yoon et al. (2004); while the convective heat transfer coefficient for 
the refrigerant in single phase vapor zone is estimated using the correlation proposed by Gnielinski (Pitla et al., 
2002b). 
 
Table 1: Dimensions predicted for heat exchangers 
Tube Fin 
Parameter Gas cooler Evaporator Parameter Gas cooler Evaporator 
Material  Copper Copper Material  Copper Copper 
Inner diameter 5.5 mm 5.5 mm Outer diameter 26 mm 26 mm 
Outer diameter 9.5 mm 9.5 mm Fin thickness 0.19 mm 0.19 mm 
Longitudinal tube pitch (Pl) 30 mm 30 mm Fin pitch 3 mm 4 mm 
Transverse tube pitch (Pt) 27 mm 30 mm    
Parameter Gas cooler Evaporator 
Finning length of tube 480 mm 300 mm 
Number of tubes in each row 18 13 
Number of tube rows 3 3 
















Table 2: Standard operating parameters considered  
for carrying out the simulation 
Parameter Value 
High side pressure in gas cooler 100 bar 
Superheat at compressor inlet 5°C 
Displacement volume of compressor at 1450 rpm 1.05 m
3
/hr 
Temperature of air supplied to gas cooler 35°C 
DBT and RH of air supplied to evaporator 25°C and 60% 
 
4. RESULTS AND DISCUSSIONS 
 
Based on the model described above, an in-house code has been developed on the MATLAB platform. To evaluate 
the thermodynamic properties of CO2, REFPROP 9 is integrated with the MATLAB code. The flowchart of the 
developed model is shown in figure 6. While designing the gas cooler and evaporator; number of tube rows, tube 
diameter, tube thickness, tube pitch, length of tube in each row, fin diameter, fin thickness, and fin pitch are entered 
as input values. Finally the number of tubes in each row is calculated by an iterative procedure. Criterion for 
iterative procedure is required heat transfer rate. Table 1 shows the predicted dimensions for gas cooler and 
evaporator. Also numerical simulations are carried out using the developed model, to investigate the effect of 
variation in high side pressure in the gas cooler and ambient conditions on the performance of the system. High side 
pressure is varied from 95 bar to 115 bar. Temperature of ambient air supplied to the gas cooler is varied from 33°C 
to 39°C. While, DBT of air supplied to the evaporator is varied from 23°C to 28°C. The standard operating 
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parameters are shown in table 2. Optimum operating parameters at which the system attains maximum COP are 
identified from numerical simulations and are presented in table 3. 
 
 
Figure 6: Flowchart of the developed model for R744 based air conditioning cycle 
 























Temperature of air at gas cooler inlet (°C)
Pd=100bar Pd=105bar
Pd=110bar Pd=115bar
         

























Figure 7: Variation of evaporator pressure with 
change in temperature at gas cooler inlet 
Figure 8: Variation of evaporator capacity with 
change in temperature at gas cooler inlet 
 
4.1 Effect of variation in ambient temperature 
With increase in temperature of air supplied to the gas cooler, evaporator pressure is observed to increase (figure 7). 
Evaporator capacity decreases with increase in ambient temperature (figure 8), while compressor power remains 
almost constant (figure 9). COP exhibits a decrease with increase in ambient temperature (figure 10). With increase 
in temperature of air supplied to gas cooler, quality of refrigerant at evaporator inlet deteriorates. Therefore, 
requirement of refrigerant flow rate through evaporator increases to produce the required amount of superheat. To 
fulfil the requirement of higher flow rate through evaporator, evaporator pressure goes up and compressor 
volumetric efficiency increases. Thus suction of total refrigerant flow rate to the compressor increases. As the 
system is supposed to run at a fixed discharge pressure, pressure ratio decreases with increase in evaporator 
pressure. However, rate of decrement in pressure ratio is balanced by the rate of increment in mass flow rate. Hence, 
power requirement to drive the compressor remains almost constant. However evaporator capacity decreases 
continuously. As a result COP is found decreasing with increase in temperature of air supplied to the gas cooler. 
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Temperature of air at gas cooler inlet (°C)
Pd=100barPd=105bar
Pd=110barPd=115bar
           
























Temperature of air at gas cooler inlet (°C)  
 
Figure 9: Variation of compressor power with change 
in temperature at gas cooler inlet 
Figure 10: Variation of COP with change in 
temperature at gas cooler inlet 
 
For a constant ambient temperature, with increase in discharge pressure, refrigerant quality at the inlet of evaporator 
improves. As a result, requirement of refrigerant flow rate reduces to produce the required amount of superheat. 
Hence evaporator pressure decreases. As the system is supposed to run at fixed discharge pressure, pressure ratio 
decreases and hence volumetric efficiency also decreases with decrease in evaporator pressure. Mass flow rate of 
refrigerant decreases as volumetric efficiency decreases. With increase in pressure ratio, power required to drive the 
compressor increases. Cooling capacity also increases with increase in discharge pressure. COP is found increasing 
for the cases for which rate of increment in cooling capacity is more compared to the rate of increment in 
compressor power. 
 












33 95 20.97 3205.8 3.04 
34 95 20.33 3067.8 2.92 
35 100 26.07 3204.5 2.84 
36 100 25.48 3084.4 2.74 
37 105 31.00 3182.0 2.65 
38 105 30.49 3074.7 2.57 
39 110 35.86 3146.1 2.47 
 
4.2 Effect of variation in DBT of air supplied to evaporator 
The effects of changes in DBT of air supplied to the evaporator on system performance are analyzed here. Both 
evaporator pressure and evaporator capacity have been found increasing with increase in DBT of air (figure 11). 
Power required for driving the compressor decreases while COP increases with increase in DBT of air (figure 12). 
With increase in DBT of air, temperature difference between air and refrigerant increases. As a result, requirement 
of refrigerant flow rate increases to produce the desirable amount of superheat. That is why evaporator pressure goes 
up, volumetric efficiency of compressor increases and suction of refrigerant flow rate to the compressor increases. 
As the system is supposed to run at constant discharge pressure, pressure ratio decreases with increase in evaporator 
pressure. Hence power requirement to drive the compressor decreases. Since evaporator capacity increases, COP 
improves with increase in DBT of air supplied to the evaporator. 
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Figure 11: Variation of evaporator pressure and 
cooling capacity with changes in DBT of air at 
evaporator inlet 
Figure 12: Variation of compressor power and COP 




An R744 based air conditioning cycle considered here employs two expansion valves. For this proposed cycle, a 
comprehensive mathematical model has been developed. Fin and tube heat exchangers employed are modelled 
based on a discretized approach. The developed model is subsequently used to predict the dimensions for all 
components. Numerical simulations are also carried out using the model for the R744 based air conditioning cycle. 
From the results obtained, the effects of variation of various important environmental parameters on system 
performance are analyzed. For a discharge pressure of 100 bar, when temperature of air supplied to the gas cooler is 
varied from 33°C to 37°C, system COP reduces by 12.3% from 3.00 to 2.63. On the other hand, when DBT of air 
supplied to the evaporator is varied from 23°C to 28°C, system COP increases by 11.8% from 2.71 to 3.03. Finally, 





W Power (W) m Mass flow rate (kg/s) 
h Specific enthalpy (J/kg) rp Pressure ratio 
PD Displacement volume (m
3
/s) Q Heat transfer rate (W) 
P Pressure (Pa) T Temperature (K) 
L Length of each tube (m) d Diameter (m) 
anode Surface area of each elementary node (m
2
) r Radius (m) 
G Mass flux (kg/m
2
s) U Universal heat transfer coefficient (W/m
2
K) 
yw Water film thickness (m) b Slope of saturated air enthalpy 
k Thermal conductivity (W/mK) Cp Specific heat (J/kgK) 
w Specific humidity ratio (kg of w.v./kg of d.a.) f Fanning friction factor 
 
Greek symbol 
η Efficiency ρ Density 
α Heat transfer coefficient (W/m
2
K)   
 
Superscript and subscript 
com Compressor ref Refrigerant 
a Air w Water 
is Isentropic v Volumetric 
in Inlet ex Exit 
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i Inner o Outer 
f Fin s Tube surface 
d Compressor discharge   
 
Abbreviation 
RPS Revolution per second COP Coefficient of performance 
LMTD Log mean temperature difference DBT Dry bulb temperature 
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